Modern cities require zero emissions, silent, and energy efficient transport solutions that have low or no visual impact on the environment. On-board energy storage systems have a significant role in providing the required energy during catenary free operation of trams and in recovering regenerated energy from braking. The energy consumption of a commercial tram for a total journey length of 13km has been simulated for proper sizing of the onboard energy storage. The energy storage system is recharged during stops at stations through wayside power delivery technologies and by the use of available braking energy. Due to this, the on-board energy storage system is required to provide a catenary free gap of about 1km. A power conversion system, Bi-Directional DC-DC converter, and a charge/discharge energy management system are required for the realisation of catenary free system.
Introduction
The removal of overhead electrical installations (catenaries) is a major consideration of light railway industries. This is driven by continuous focus on environmental concerns and reduction of energy consumption. Realisation of catenary free systems provides a reduction in both the level of visual pollution and the power consumption pattern.
One vital power electronic equipment necessary for the realisation of such a system is a Bi-Directional DC to DC converter for interfacing the energy storage (battery) to the drive system. The converter and the energy storage system are housed on-board the tram so that the vehicle can be propelled from the energy stored when the external power supply is not available.
An energy management system is required to propel the vehicle in the most energy efficient manner dependent upon the level of energy stored, the load profile and the auxiliary energy requirements; and to ensure most efficient charging of the energy storage system when the power is available from the wayside equipment.
An investigation was carried out to determine the energy storage system on-board a tram for catenary free operation. Energy flow analysis was performed for a specified drive cycle to evaluate the total energy consumption of a commercial tram for proper sizing of the on-board energy storage. A mathematical model of the physical traction system was implemented by using Matlab/Simulink.
Power Delivery Technologies

A. On-board Energy storage options
Batteries: A battery is a collection of electro-chemical cells either parallel or series connected to obtain a required power capability. Contenders are Li-ion and Sodium Nickel. Batteries have high energy density; however, they have low power density. The battery has constant energy density for the particular choice of active materials. Batteries can be used for catenary free operation to power the tram for substantial distances of a few kilometres. The key parameters of a battery that need to be considered in a railway system are: Lifetime, operating temperature, number of cycles, rate of charging/discharging (c-rate), the depth of discharge (DOD), weight, cost and safety [1] .
Super capacitors: Super capacitors have high power density quick charging and discharging but poor energy density, compared to batteries. Super capacitors can be used for recovering braking energy. Energy saving is possible depending on the amount of installed super capacitors and the mission profile. However the energy density is lower and hence only sections of less than 500m are possible [2] .
Fuel Cells: This solution is not mature enough for railway applications. The network to provide hydrogen is still to develop and the costs are still very high compared to other solutions [1] .
Flywheels: This solution allows quick charging. However, the cost is high, have moving parts, safety and reliability need to be improved and the technology is technically not yet ready for commercial operation [3] .
B. Power delivery Technologies
WiPoST by NewTL [1] : This solution replaces the overhead electrical installations (catenaries). Current injection points are located along the route so that they come in contact with the conductor strip installed on the roof of the tramway as it passes. In this way street lighting and the fixed equipment of the WiPoST system can be combined. The posts are located along the trackway, in and on the approaches to stations and in the areas where the tram accelerates. On the rest of the route, the tram travels using the on-board energy storage.
Inductive Power transfer: Bombardier has developed PRIMOVE technology [4] . The advantage is to operate catenary free over varying distances through contactless power transfer buried in the ground.
Opportunity charging: This technique is based on fast wayside energy system transfer [4] . The SITRAS SES help the power supply system to avoid short periods of electrical failure and also reduce the effect of the voltage drop on many trams consuming power simultaneously.
Embedded Systems: ALSTOM and SPIE ENERTRANS developed APS as a service-proven power system for tramways which supplies electricity through a third rail at ground level and eliminates the need for catenaries [4] . ALSTOM developed SRS which is a ground based static charging for trams with on-board energy storage.
Electrical Drive System
A. System Description A typical tram system drive transforms electrical energy from the traction power supply system into kinetic and potential energy. The conversion can be divided into several stages as shown in Figure 1 ; AC voltage (V AC ) is rectified within the trackside substation to produce a DC voltage (V DC ). The DC voltage is fed via the catenary to the traction drive that consists of a 3-phase power inverter, an AC motor, and mechanical transmission. The on-board power inverter converts DC voltage supply into 3-phase variable frequency variable voltage supply. The power inverter consists of six switches (IGBTs with anti-parallel diodes) which enables bi-directional power flow between the DC link and AC motor. Electrical power delivered to the traction motors achieves the motor torque. The final stage of the drive is the mechanical transmission (gearbox and wheel set). The mechanical energy delivered by the AC motors is converted into kinetic and potential energy. Figure 2 , where the tram energy is used to overcome tractive resistive forces. Energy is also dissipated in braking, through other mechanisms including driveline losses and to power auxiliary loads [5] . In a typical DC tram system, regeneration of braking energy back to local distribution network is not possible as the DC traction substations are not bi-directional in power flow [6] . However, when the distance between tram vehicles is significant, the recovery of braking energy is possible if, at the same time, a train is accelerating and another is braking [7] . As a result the recovery of kinetic energy during braking subjects to unpredictable traffic conditions [8] . Implementation of energy storage system on-board a tram allow the optimised recovery of braking energy and catenary free operation. Figure 3 shows the schematic which allows energy storage to be implemented on-board a tram. The braking resistor is installed in case the energy storage is unable to absorb braking energy. The energy flow to and from the energy storage is governed by controlling the DC-DC converter based on the drivers' traction/braking commands. Auxiliary loads are additional loads which only consume power, these include HVAC, lightings, doors, control and monitoring systems. 
B. System modelling
A simulation model of the tram system shown in Figure 1 was used to evaluate the total energy consumption for the purpose of proper sizing of the on-board energy storage system. The simulation model describes implementation of the mathematical model of the physical system using Matlab/Simulink. The behaviour of a commercial tram was simulated over the drive cycle shown in Figure 4 provided by NewTL Co. The tramway consists of current injection points at station stops, which are frequently spaced with a total of 30 stops along the 13km route. An adopted inverse modelling technique [9] was used. The rail-wheel contact subsystem shown in Figure 1 represent the total tractive effort (resistive forces). The subsystem takes the tram system drive cycle, acceleration profile (shown in Figure 5 ), and gradient profile to determine the tram power and the total tractive effort. The tram power depends on the drive cycle and total tractive effort and is given by:
Where, =
The wheel torque of the rail-wheel contact is given by:
The tram power is used to overcome the total tractive effort ( ) required to drive the tram. The total tractive effort is given by:
The tractive resistance, , is known as Davis equation, can be written as follows:
The coefficients , , and are often experimentally determined [9] . Coefficients and of the Davis equation include the resistive forces that are related to the mass of the tram, one of the reasons for reducing the weight of tram vehicles. At high speeds, the 2 term, which is related to the aerodynamic resistance, becomes dominant and is the reason for the high installed power of high-speed trains [10] . The tram power over the drive cycle is shown in Figure 6 . The tram power is required to enable the tram to overcome the tractive resistance, inertia force and gradient force. The amount of energy consumed overcoming resistive forces over the drive cycle is about 13.9kWh. Figure 6 Tram Power During braking, the tram has large braking power peaks over the whole journey. This is due to the tram braking at certain driving speeds that regenerates large amount of power. The available amount of energy from braking over the drive cycle is 6.8kWh. The auxiliary load for the tram is assumed to be constant; measurements have indicated that the average auxiliary load is 51kW. Taking into account, the efficiency of power inverter, on-board motor, and mechanical transmission is 0.95, an energy amount of about 55.2kWh over the drive cycle is required for the total journey without recharge of the on-board energy storage and the use of energy available from braking. Figure 7 shows the drive cycle between station (1) and station (2) , where different phases for the source of energy provided to the tram are explained. The energy requested during acceleration phase is supplied initially, phase 1 in Figure 7 , by power supply posts (current injection points) available at station stops for about 5s. The energy requested during catenary free gap, phase 2 in Figure  7 , is supplied by the on-board energy storage system. During braking phase, phase 3 in Figure 7 , the energy storage system is recharged by the energy regenerated from the electrical drive. As the tram approaches to the next station stop, phase 4 in Figure 7 , in addition to the energy regenerated from braking the on-board energy storage system is recharged through the power supply posts for about 5s. At the station stop, phase 5 in Figure 7 , on-board energy storage system is recharged through the power supply posts for about 30s. The tram energy consumption pattern is shown in Figure 8 . By analysing the full speed profile (Figure 4) , the peak energy calculated was about 5.5 kWh during the total journey with recharge of the on-board energy storage as shown in Figure 7 . This is 10% only of the total energy required for the journey which is 55.2 kWh. Therefore, the required duty can be met by a smaller energy storage system. 
Evaluation of the Bi-Directional DC-DC Converter
The Bi-directional DC-DC converter topology shown in Figure 9 represents one arm of a six pulse bridge converter for continuous charging power of 150 kW. As depicted in the figure, the DC link is connected to the energy storage system through the Bi-directional DC-DC converter. Figure 9 Bi-Directional DC-DC converter topology
The Bi-Directional DC-DC converter schematic shown in Figure 9 was implemented by using Matlab/Simulink software package. The simulation system model was used to evaluate the electrical power transformed from the DClink to the on-board energy storage system and vice versa.
The simulated Bi-Directional DC-DC converter parameters are given in Table 2 . The on-board energy storage system was simulated as an RC equivalent circuit of a battery model. The parameters of R and C are 180mΩ and 211Farad consequently. During the charging phase of the on-board energy storage system, the nominal value of the high voltage side is 750V. The Bi-directional DC-DC converter works in buck mode to control the recharge current of the energy storage system. The waveforms of DC link and energy storage sides' inductor currents, and the low voltage side are depicted in Figure 10 . 
Conclusions
A variety of energy storage solutions with way-side power delivery technologies have been explained. An analysis was performed to determine the energy which needs to be delivered for a proper sizing of on-board energy storage. Modelling of a particular tram system found that about 55.2kWh is required to be delivered to cover a distance of 13 km without recharge. It was also found, with recharge, an energy storage system capable of providing about 5.5 kWh capacity is sufficient to meet the duty. A BiDirectional DC-DC converter needs to be designed to enable energy storage and recovery of braking energy. An efficient energy management system is required to manage the energy consumption during catenary free operation. 
